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1. Statement of the hypothesis, objective and value of the research. 

The hypothesis under investigation wass that a ubiquinol (NAJDH) oxidase protein of the 
cell surface with protein disulfide-thiol interchange activity (= NOX protein) is a plant and 
animal time-keeping ultradian (period of less than 24 h) driver of both cell enlargement and the 
biological clock that responds to gravity. Despite considerable work in a large number of 
laboratories spanning several decades, this is, to my knowledge, our work is the first 
demonstration of a time-keeping biochemical reaction that is both gravity-responsive and 
growth-related and that has been shown to determine circadian periodicity. As such, the NOX 
protein may represent both the long-sought biological gravity receptor and the core oscillator of 
the cellular biological clock. 

Completed studies have resulted in 12 publications and two issued NASA-owned patents 
of the clock activity. The gravity response and autoentrainment were characterized in cultured 
mammalian cells and in two plant systems together with entrainment by light and small 
molecules (melatonin). The molecular basis of the oscillatory behavior was investigated using 
spectroscopic methods (Fourier transform infrared and circular dichroism) and high resolution 
electron microscopy. We have also applied these findings to an understanding of the response 
to hypergravity. Statistical methods for analysis of time series phenomena were developed 
(Foster et al., 2003). Site-directed mutagenesis was used to generate NOX proteins with period 
length longer or shorter than 24 min which when introduced into COS cells generated circadian 
responses with period lengths corresponding longer or shorter than 24 h (60 X the NOX period 
length) (Morre et al., 2002). A role for bound copper in maintaining the 24 min period length 
was discovered together and a site-directed mutagenesis analysis of active site cysteines and 
functional domains was completed. A CNOX monoclonal antibody to soybean protein was 
obtained. The antibody was used in ongoing efforts to expression clone CNOX from plants as a 
first step toward site-directed mutagenesis and vector-forced mutational analysis of the role of 
CNOX in elongation growth, circadian function and gravity response in plants. 

The importance of the work is underscored by recent report that, after three months in 
space, astronauts lose sleep and sleep less soundly because of the lack of gravity and the absence 
of day- and night cues that disrupt their internal clocks (Monk et al., 2001). While the biological 
clock continues to function in space, the results of this first long-term study demonstrate rapid 
deterioration of the body’s daily rhythms and the need for ways to trick the internal clock into 
maintaining a strong 24 h cycle if longer space missions are to succeed. Our findings provide a 
biochemical approach to the development of just such a strategy. 

We are confident that the ground-based studies completed under NAG 2-1344 will lead 
eventually to flight experiments to test our model and hypothesis for how multicellular 
organisms respond to gravitational perturbances. New precise monitoring systems for 

application to both humans and to non-human species are expected to derive from the work as 
well as significant contributions to understanding mechanisms that underlie space flight-related 
developmental changes in plants and biomedical and behavioral changes in humans. 
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The most important and unique feature of the research proposed lies in the opportunity, 
for the first time, to isolate and characterize a gravity responsive protein that may, in fact, be 
both the gravity- receptor molecule and the biological clock. The protein appears to be 
distributed widely among plant and animal cells where it is located on the external cell surface. 
The protein is involved in the growth process and is stimulated by relatively low imposed 
gravitational forces (Garcia et al., 1999; Bacon and Morre, 2001). In gravitationally-responsive 
plant parts, the activity of the protein responds to unit gravity (Garcia et al., 1999). The 
structural and functional implications of such a protein are far-reaching. They not only provide a 
conceptual frame work within which future micro-gravity research may be based but provide, as 
well, opportunities for chemical or genetic modulation of the receptor protein to enhance 
adaptation of astronauts, food plants and living organisms in general, to space flight conditions. 

2. Review of research completed. 

a) Summary 

In work carried out under a previous NASA-sponsored project, a gravity-responsive 
protein with NADH oxidase activity at the external mammalian cell surface discovered from 
studies with isolated plasma membrane-derived endosomes from rat and bovine kidney and from 
HeLa (human cervical carcinoma) cells grown in culture. The initial observations were based 
on a response to imposed centrifugal forces (Morre et al., 1998a). A comparable activity was 
found for plants using a plasma membrane-derived endosome model (Morre et al., 1998b). 
Subsequent studies under NAG 2-1344extended the observations to isolated plasma membranes 
from HeLa cells and soybean tissues (Garcia et al., 1999). With the latter, a growth-related 
response to unit gravity was obtained (Garcia et al., 1999) as well as a response to imposed 
centrifugal forces. The cDNA to a mammalian form of the protein was cloned (GenBank 
Accession Number AF207881) and the protein expressed in bacteria (Chueh et al., 2002 a, b). 
The purified protein from soybean as well as the recombinant form of the protein from HeLa 
cells expressed in E. coli responded as well to low g centrifugal forces. A second important 
characteristic of the protein also given by the recombinant protein was a periodic alternation of 
two functional activities associated with the protein. The two functions were quinol (NADH) 
oxidation with concomitant transfer of protons and electrons to molecular oxygen or protein 
disulfides and protein disulfide-thiol interchange. The two activities alternated with a 
temperature compensated and entrainable period length of 24 min. The pattern of oscillations 
coincided with a similar pattern of oscillation with a period length of 24 min that characterize 
cell enlargement (growth) in plants (Morre, 1998; Morre et al., 2001a, 2002) and animal cells 
(Pogue et al., 2000). As such the activity has been suggested to function both as an ultradian 
core oscillator of the biological clock and of the enlargement phase of cell growth common to 
both plant and animal cells. 

b) Plasma membrane NADH oxidase of soybean hypocotyls is gravity-responsive (Appendix 
Figures 1-8, Table 1). 

i) Plant NOX activity responds to unit gravity 
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NADH oxidase measured with intact tissue sections and with isolated plasma membrane 
vesicles from etiolated hypocotyls of soybean ( Glycine max) responds to gravity (Garcia et al., 
1999). The response was one of inhibition of activity with low centrifugal g forces (< 100 g) and 
short stimulation times lying flat of 20 min or less at 1 g and one of stimulation with higher 
centrifugal forces and stimulation times of 3 min or longer at 1 g (Garcia et al., 1999). Everting 
the tissue sections resulted in stimulation of the activity with a lag of less than 20 min and 
returning the sections to the normal upright position resulted in a return to initial rates also with a 
lag of less than 20 min. Both the stimulated and non-stimulated activities oscillated with a 
period of 24 min. 

ii) Plant NOX activity responds to imposed centrifugal force 

When intact hypocotyl sections were centrifuged for brief periods of time at low g forces, 
NOX activity also was stimulated in a time- and relative g-force-dependent manner (Garcia et 
al., 1999). A similar response was given by NOX activity of plasma membrane vesicles isolated 
from hypocotyl segments. 

The NOX activity of isolated vesicles of plasma membranes from soybean hypocotyls 
exhibited a response to centrifugation that was both g force- and time-dependent. These 
experiments were carried out with two spectrophotometers operated in parallel. With both 
instruments, the reaction mixtures were constituted, poured into tubes and transported from 
centrifuge to spectrophotometer in exactly the same manner, the only difference being that one 
was centrifuged and the other not. The centrifugal forces utilized were insufficient to sediment 
the membranes to form a pellet. The activity in response to centrifugation persisted for a time 
with a T Vi of ca 10 min for the return to basal levels. However, the centrifugation induced 
responses persisted for a time sufficient to carry out physical measurements of changes in 
secondary structure. 

c) The gravity-responsive NOX activity oscillates with a temperature compensated period of 24 
min (Appendix Figures 9-15, Table 2). 

The NOX activity of etiolated hypocotyls of soybean oscillated with a period length of 
about 24 min or 60 times per 24 h day (Morre and Morre, 1998). The oscillations were 
temperature compensated such that the period remained constant at 24 min between 17 and 37°C, 
a temperature range over which enzymatic activity varied 4- fold (Qio of 2). The oscillations 
were observed with intact tissue sections, with isolated plasma membrane vesicles and with the 
detergent-solubilized and partially purified enzyme. The oscillations were observed both with 
the oxidation of NADH and in the restoration of activity to scrambled ribonuclease used as a 
measure of a protein disulfide-thiol interchange activity also associated with the NOX protein 
(Morre et al., 1995a). 

To illustrate the reproducibility of the periodic nature of the activity oscillations, rates 
were measured for plant plasma membranes simultaneously with two spectrophotometers and 
with reaction mixtures prepared in parallel. The two data sets yielded similar patterns of 
oscillations. The corresponding Fourier transforms of the oscillations given in Appendix Figures 
14C and 14D verified that the oscillations were periodic. 
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The rate of NADH oxidation = 1.6 + 1.9 sin ( (15.12 7 t t) + 120 7t/l 80) where t =time in min and 

180 

the value of 1.6 is the mean rate of NADH oxidation in the presence of 1 pM 2,4-D, a synthetic 
auxin regulator of plant cell enlargement that stimulates both growth and the NOX activity 
(Appendix Figrues 14A and 14B). The sine function described by the equation (dotted sine 
function) approximated the experimentally determined values of Appendix Figures 14a and 14B. 

To allow for calculation of standard deviations in amplitude, a second set of two 
determinations was carried out under the same conditions as those for the first set. The second 
set of determinations was delayed to begin in phase with the first set. The specific activities of 
the four data sets were then averaged and standard deviations were calculated (Appendix Fig. 
1 5 A). The maxima and minima of the oscillations were significantly different and the composite 
Fourier analysis (Appendix Fig. 15B) yielded a mean frequency of 0.042 ± 0.001 cycles/min or 
an average period of 23.8 ± 0.3 min. 

Fourier analyses were applied to triplicate data sets collected in the absence of 2,4-D at 
each of the 3 temperatures investigated (Appendix Table 2). The periods determined were about 
24 min at 17°, 27° and 37° C and the mean period comparing the three different temperatures 
was 24.1 ± 0.3 min. 

d) NOX activity of the bovine milk fat globule membrane a derivative of the mammary 
epithelial plasma membrane exhibits a 24 min temperature compensated period. 

An oscillating activity with a temperature compensated period of 24 min has been 
described for the NOX protein of the bovine milk fat globule membrane, a derivative of the 
mammary epithelial cell plasma membrane (Appendix Fig. 9, Morre et al., 2002). The period of 
24 min remained unchanged at 17, 27 and 37° C whereas the amplitude doubled with each 10° C 
rise in temperature (Qio £ 2) as for soybean. The periodicity was observed with both intact milk 
fat globule membranes and with detergent-solubilized membranes. 

e) The NOX activity of the HeLa cell surface exhibits a ca 24 min temperature compensated 
period and responds to gravity. 

A mammalian counterpart to oscillating NOX activity with a temperature compensated 
period length of 24 min of plants was observed as well for HeLa cells (Wang et al., 2001). The 
period length of 24 min remained unchanged at 17, 27 and 37° C whereas the amplitude doubled 
with each 10° C rise in temperature (Qio £ 2). The periodicity was observed with the surface 
activity of whole cells and in a cell-free environment with right side-out plasma membrane 
fragments and with partially purified NOX protein. The oscillations were not the result of 
instrument variation or of chemical interactions among reactants in solution. Preparations with 
different periodicities entrained (synchronized) when mixed. The gravity-responsive cell surface 
NOX protein is the first reported example of an entrainable biochemical entity with a fully 
temperature-compensated period length potentially capable of functioning as an ultradian core 
oscillator of the circadian clock. 
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A response to imposed gravitational forces has been demonstrated for the NOX protein of 
plasma membranes of HeLa cells, a partially-purified fraction of NOX proteins from HeLa cells 
and for human recombinant NOX protein. When subjected to low centrifugal forces, i.e., < 500 
g-min, the human NOX protein from all three sources responded with an enhanced rate of 
NADH oxidation. The enhanced activity persisted over 5-6 min and then slowly returned to 
basal levels with a T !4 of about 1 0 min. 

f) The rate of plant and animal cell enlargement oscillates with a period length of about 24 min 
(Appendix Figures 16 and 17, Tables 3 and 4). 

Since activity of the gravity-sensitive NADH oxidase was correlated with the rate of cell 
enlargement, experiments were designed to determine if the rate of cell enlargement also 
oscillated with a period length of 24 min. This expectation is borne out with elongation of 
hypocotyl sections of dark-grown soybeans (Morre, 1998; Morre et al., 2002), elongation of 
coleoptile sections of dark-grown maize and enlargement of individual epidermal cells of 
soybean (Morre et al., 2001a) as well as enlargement of CHO (Pogue et al., 2001) and HeLa 
(Wang et al., 2001) cells. Steady state cell enlargement in these cells and tissues is strikingly 
periodic and the pattern of oscillations parallels those of the cell surface NADH oxidation. 

Oscillations in the rates of cell enlargement in CHO (Pogue et al., 2001) and HeLa cells 
(Wang et al., 2001) were monitored by light microscopy. The period lengths corresponded to 
those of the NADH oxidases present at the CHO and HeLa cell plasma membranes. 

As both the gravity-responsive NOX activity and plant and animal cell enlargement 
exhibit oscillations with period lengths of 24 min, we postulate that gravity may be an important 
contributor to NOX synchrony and entrainment with important implications in cell growth, 
homeostasis and circadian control of cellular activities. A hypothesis that we are eager to test is 
that small molecules that mimic the effect of gravity on earth can be utilized in space to improve 
plant production and to facilitate traverse of the complete reproductive cycle and to enable space 
travelers to maintain normal biorhythms in a micro-gravity environment. 

g) The NOX protein shed from cells and into the circulation. 

The NOX protein is an ectoprotein anchored in the outer leaflet of the plasma membrane. 
As is characteristic of other examples of ectoproteins (sialyl and galactosyl transferase, 
dipeptidylamino peptidase IV, etc.), the gravity-responsive NOX protein is shed. It appears in 
soluble form in conditioned media of cultured cells and in sera. The serum presence of the 
NOX proteins seems to represent an origin due to shedding from cells and offers an opportunity 
to monitor NOX activities of human subjects based on serum analyses. 

h) Mechanistic studies (Appendix Figures 19-29).. 

The mechanisms whereby the NOX protein both responds to gravity and exhibits a fully 
temperature-compensated period length are, at the moment, speculative but appears to reside 
within the secondary or tertiary structure of the NOX protein. One scenario is that paired NOX 
subunits interact specifically to induce a random coil or a-helix to P-structure transformation. 
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The ensuing conformational change would be spontaneous and reversible. Upon reaching a 
certain conformation, the process would then reverse and, after 24 min, begin anew. 
Synchronous subunits might at some point dissociate from each other more readily than 
asynchronous subunits and then reassociate with subunits where folding and unfolding was less 
synchronous than with themselves. Association of two asynchronous subunits would then result 
in synchronization such that by association and reassociation, a membrane population or solution 
would become highly synchronized. The NOX protein is considered to be anchored to the 
membrane either by hydrophobic or electrostatic interactions that can be reversibly dissociated. 
The NOX protein appears to contain neither a GPI anchor or a transmembrane spanning domain. 
Both of these possibilities are ruled out by experiment and on a theoretical basis from the derived 
amino acid sequence and from the hydropathy plots of the derived amino acid sequence of the 
open reading frame of the cDNA (Morre et al., 2001b). As such, the NOX protein would be 
relatively mobile in and off the membrane. Subunits would be free to associate and dissociate as 
well as recruit unsynchronized new molecules coming from synthesis to replace shed molecules. 
A role of NOX as an ultradian time-keeping mechanism would also be served by the existence of 
a fully active but drug-responsive circulating form of the protein that retained periodicity (see 
above). The circulating form could move throughout the organism and associate with NOX 
subunits on the surfaces of cells to synchronize the entirety of NOX molecules within the cell 
and ultimately within the entire organism. 

i) Cloning of the tumor-associated NOX protein (tNOX) from HeLa (human cervical carcinoma) 
cells and the constitutive NOX protein (CNOX) from soybean. 

Expression screening of a HeLa cell library was used to isolate cDNA clones encoding a 
protein recognized by a monoclonal antibody to the human tNOX protein isolated from sera of 
cancer patients. 

The amino acid sequence derived from the open reading frame of the cloned cDNA 
(Appendix Figure 30) contains conserved quinone binding site motif (drugs inhibitory to tNOX 
are considered to bind at the quinone site) and a conserved NADH-binding site. The protein 
contains 8 cysteines and a putative C-XXXX-C protein thiol-disulfide interchange motif distinct 
from that of protein disulfide isomerase and other known thiol oxido-reductases. A H(326)-V-H- 
P-F-G copper-binding motif in the deduced amino acid sequence of the NOX gene is highly 
conserved with the motif H-V-H-E-F-G in that of both human and chicken copper/zinc 
superoxide dismutase (Cu/Zn SOD). The third ligand for copper binding was located 15 amino 
acids downstream from the motif in chicken SOD. One histidine (histidine 355) located 14 
amino acids downstream of the motif in tNOX, therefore, is the likely candidate for the third 
copper binding ligand in the NOX protein. 

The antigen was a 34 kD peptide from sera of cancer patients (Chueh et al., 1997). This 34 kD 
peptide region had been associated previously with a sulfonylurea-binding protein from plasma 
membrane of HeLa cells and with the sulfonylurea-inhibited and/or capsaicin-inhibited NOX 
activity shed into culture media conditioned by growth of HeLa cells and of sera of cancer 
patients. Antisera generated to the 34 kD peptide inhibited and immunoprecipitated the 
sulfonylurea- or capsaicin-inhibited activity and cross-reacted with the 34 kD band from sera. 
Clones were selected on the basis of reactivity with 34 kD tNOX-enriched fractions prepared 
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from the HeLa cell surface. Secondary screening used inhibition of the drug-inhibited 
component of tNOX activity of pooled sera of cancer patients. The antisera were extensively 
characterized (Cho et al., 2002). 

The periodic oscillations in enzymatic activities associated with the cellular NOX 
proteins has been observed with the recombinant tNOX generated from expression of the tNOX 
cDNA in bacteria (Chueh et al., 2002 a, b). The period length of the recombinant protein is the 
same as that of cellular tNOX and its identity as tNOX is confirmed by the total inhibition of the 
activity by 1 pM capsaicin. 

A second unique feature of the cell surface tNOX activity is that the two activities 
associated with the cloned and expressed protein, the hydroquinone (NADH) oxidase activity 
and the protein disulfide-thiol interchange (dithiopyridine cleavage) not only oscillate but the 
two oscillatory activities alternate (Appendix Figure 20C). This represents an extraordinary 
observation and one unprecedented in the scientific literature. 

j) Cloning of the constitutive NOX protein (CNOX) from plants. 

In a parallel investigation, a monoclonal antibody was generated to the constitutive NOX 
activity of soybean plasma membranes (CNOX). This antibody was used to initiate expression 
cloning of the CNOX cDNA from a soybean library. 

A total of 5 mice were immunized with right side-out plasma membrane vesicles as 
immunogen. One mouse yielded a monoclone to the constitutive NOX. The antibody had the 
required characteristics to proceed with library screening. The antibody completely blocked the 
24 min pattern of oscillations of the column purified constitutive NOX activity from soybean 
(Appendix Figure 18), reacted on Western blots with the 48 kD CNOX peptide, 
immunoprecipated both the CNOX peptide and the activity in parallel and did not cross react 
with the E. coli NOX as required to have utility for expression cloning using the bacterial 
system. 

k) Red light in plants and cysteine compounds in plants and animals set the period and cysteine 
compounds may have utility for growth of plants and other organisms in space. 

The NADH oxidase activity of the plant cell surface clearly oscillates with a 24 min 
period. With plants of spinach or soybean, the oscillations of all plants within a single 
population are in phase (Morre et al., 1999a). Experiments were carried out to determine what 
stimulus in the environment was responsible for the synchrony. The findings demonstrate that 
light exposure of plants transferred from darkness initiates a maximum 12 min following the 
light exposure independent of the point in the cycle where the light was given (Morre et al., 
1999a). Red light (650 nm, 10 min, 50 pM m'V) was equivalent to white light. Blue light also 
phases the oscillations but apparently through a different chromophore than red light (Morre et 
al.. Submitted b). Green or yellow light at a similar intensity as red or blue light were 
ineffective. Far-red illumination (730 nm, 5 min) appeared to be equivalent to darkness and was 
sufficient to condition the plants to respond to light by resetting the NOX cycle. Involvement of 
phytochromes, as the light detecting molecule, therefore, is indicated for the red light absorbing 
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chromophore. Since blue light sets the period in both plant cells and mouse skin, a blue light 
absorbing chromophore common to both plant and animal cells such as a cryptochrome is 
indicated for the blue light chromophore. 

The only substances found so far that alter the pattern of oscillations are melatonin and 
valerian. These compounds do not change the period length but “set” the phase of the oscillatory 
patterns much like light. But unlike light these substances act directly on the NOX protein itself. 
A single addition of 1 pM melatoninresults in an activity maximum with activity maxima every 
24 min thereafter. The response to valerian is similar to that for melatonin and has been 
demonstrated for soybean, HeLa and CHO cells and mouse skin. 

FT-ER spectrometer used to measure protein changes in NASA centrifuge. 

When subjected to low centrifugal forces (< 500 g min), a human recombinant ECTO- 
NOX protein (tNOX) responded with an enhanced rate of NADH oxidation. The enhanced 
activity persisted for 5 to 6 min after centrifugation and then slowly returned to basal levels with 
a T 1/2 of about 10 min. Normally ECTO-NOX proteins exhibit complex oscillatory behavior 
within each 24 min period consisting of five maxima unequally separated at intervals of 4 to 6 
min. Each of the 5 maxima correspond to changes in the proportion of a-helix and (3-structure 
determined by Fourier transform infrared (FT-ER) and circular dichroism spectroscopy. After 
centrifugation for 4 min at 100 g, the activity of the fourth upward inflection in each period was 
disproportionately increased and the third inflection appeared earlier. These two inflections are 
two of three inflections that coincide with maxima in protein disulfide-thiol interchange and 
correlate with growth. 

Taken together, the findings suggest that the gravity response is confined to specific 
domains within the structure of the protein involved in the oscillatory behavior. To test this 
hypothesis, an Avatar 360 FT-ER spectrometer was mounted to the arm of the 20 G centrifuge 
(29 ft radius with Avatar’s center mounted at 23 ft) at the NASA Ames Research Center, Moffett 
Field, CA. Greatest instrument stability was achieved with the mirror aligned tangential to the 
centrifuge rotation. The Avatar, fitted with a calcium chloride sample cell containing human 
recombinant tNOX protein was rotated at forces of up to 2.75 Gi (the instrument withstood 5 
min at 3.5 G). An alteration in the FT-ER signal (Amide 1/ Amide II) was observed in proportion 
to G force that was retained by the protein following centrifugation (Appendix Figure 32) for a 
time before returning to the original baseline value. The findings confirm that ECTO-NOX 
proteins respond to normally sustainable G forces on earth and experienced in flight. 

NOX proteins have many characteristics in common with prions. A distinguishing 
property of prions is the ability to undergo a permanent conformational change (to learn) and to 
transmit this conformational change to other proteins like itself (to teach). The response to 
gravity may be similar except that the memory component is transient and the protein in solution, 
at least, returns after a time to its original baseline value. 

As controls, the recombinant tNOX protein was replaced by albumin or ribonuclease. 
Neither control protein exhibited the five-peak pattern of change in Amide I/Amide II nor 
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exhibited the G-force dependent alternations in peak amplitude observed with the recombinant 

NOX protein. 
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was added after each inversion. The arrows mark the 24 rmn 
period of cyclic oscrUtoons a the activity. Average rates of MADH 
oxidation averaged for 5 to 1 0 repetitions of the basic experiment 
are summanzed in Table I. 


Kg. 3. NA0H gxidapofl as a function 
of presentation tune m mm (lying Hath 
Values ire average of 3 
determinations c standard deviations. 


Pig. 4. MADH oxidation of 1 cm 
hypocotyi sections of soybeans ea a 
function of centrifugal force |Q1 
septied for 30 seconds, Plates era 
•nmal rates over tQ to 20 mm 
following placement nght side nap m 
the spectrophotometer cuvette. The 
sectione were cenvtfugtd lying flat 
orthogonal to the axis of rotation. 
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5g. S. NAOH oxidation of 1 cm hypocotyf eectjone of 
soybean m « function of centnfugation dm# in mm * 250 g. 
The section* wit* onomod in the contrtfuge M doecnbed for 
Figure 4, 


Fig. 5. NAOH oxidation by right *id*out plasma membrane 
v secies as a function of camnfygai force iG) applied for 20 
itc. Th# forces and times wort insufficient to peSet me 
membranes. Maiys war* over 10 min following 
cemtnfuganor. An yncentrifuged preparation ws* assayed In 
parallel and manipulated exact* as tna ceranfyged 
preparation except not centrifuged. 



oboHxed hypocotyto of soybean n 17*C Forty 


MCOom wore placed in 4 ml of eotafen concerning 
20 mM TrioAAei. pH 7, 0.0 mM KCN and 90 
HA OH in a spectrophotometer cuvette. At 
interval# of 1.5 mm, t ho ncubidng eoMton woo 
muted, o 2.5 ml portion woo frme fe rred to a 
second cuvette and mo eberabonco at 340 ran woo 
d o ta rmmod L The NMon wu then rammed to mo 
meubedon v ooo ol. A ainuoosdel fluoeuadon wee 
ob se r ved vem an apprwdmoto period of 24 mm. 
Arrow* Meat* activity mmlm a. The aver age mo 
of MAOH ondedon mm mo 50 mm qboorvrton 
period WM a nmole s/mm/40 1-cm eocbone. 


Fig. a, NAOH oxidation rotes determmod at imorvaifl of ! mm by 40 lorn sections or 
•tkrtated hypoootyts of soybean at the do create in ^ moeeured comparing 17. 27 
and 37*C. Caramon* were to for Rgure 1 except mat additional NAOH wot added 
every 1 5 min at 37*C, every 30 mm at 27*C and every 60 mm at 1 7*C to memttin the 
NAOH love i above the ****** det e rmined <m of about tOO piut, The obenriunre 
monpee due to NAOH addition were excluded from the composite voce*. The second 
treco at 37“C « • cembwedon of mo first but mo dote are presented oo two new to 
s rn om m odora to the aoono scale w for 1 7*C and 27 , C. Averope rstas of NAOH 
oxidation moeeured over the tamoo indicated were 4 rano Oo An WdO 1-cm oocbbflo at 
1 7*C. 74 n mofieemdn/40 Irani tectJona at 27* and 15.6 rawoN oh nWO tram section* 
H Yet mo period rememed conet me at about 24 mm. Anew* indicarts sewnty 
ftvrema. A. 17*C, 8. 27*C, C. 3T*C. 
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ftq, 10, ftataa of NAOH oxidation of right lida-out piaama 
^wnormi vaoielat iiotatad from 1 cm soytaan hypoootyt 
tacoon* bv partition * a two-phaa# polvmtr ayaiam. Tha 
raaction mbctura in a final voluma of 3,5 mi« contain#*! $0 
mM Tri*44ii, pH T, 1 mM KC*. 150 pM NAOH and 40 to 
50 \»g piaama mtmbran# pratain, MACH oxidation w« 
da ta/minad from tha d# cr#aaa in aoaorbanca at 340 rvn urirtg 
a Hitachi U3210 ai>«ctmpfwomatar tquippad with a wtrar 
jacket ad tampla call for tamoarttura control with conatant 
atimng, Arrow* indtatt activity maxima. A. 17*C, 9. 
27*C. C. 37*C. 
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Rg. 12. Rat# of NAOH oxidation of a datargant* 
loiuttltoad and «tfWtY*PU"fiad fraction annehtd m tha auxin 
hormon»aw m *#tod NAOH oxidaea activny, Aiwt wa# aa 
ddsoriUd for tea# 10. Th# actrvtty of tha aoiuMa#d and 
partiN* ..h**ad th# «mo ca. 24 min 

parMcfty aa w#a otiaanmd w*h tha intact hypoooffyt 
•action# <Fga, i and 9) and with th# Uniat ad ***** 
m#mPran# a until |Wg. 10). Th# «xp#rim4fR wit don* 
tvwc#. Th# tvaraga pariod tingdh with tha aoiuMUad and 
part lady -punA#d pwain w#a 23,9 r 0.4 m*i. 
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Fig. 13. ?»m« court* of pretax disulflde-thwl* 

»m*rcPi*ngs activity srtxnatad from The scuvsuon of 
s crsmbled RNas* *n the aba«nc* of cCWP sub rcrais. 
Mambranae 1400 uQ of protairii were incubated together wnh 
scrambled (Inactive! ANos* for iM omas indict rod in tha 
presents or *beenc* of t balanced rod ox buffar of frashfy 
prepared t uM GSH plus 1 |iA4 QSSO and in th* presence of 
1 uA4 2.4*0- After th* time* of premeubetion indicated. 
cCMP substrata was added. the AMas# activity waa oay«d 
over 2 mai following th* prasneubstion. and the me* wt* 
determined. Th* rat* of activation was appro ximetsfy flnear 
>kT fluctuated wvth I ca. 24 mxi penod. Arrows indicat* 
minima in tim rat* of activation of A Mas* activity. 




FRCOUENCY, *rei**/*Hft 

Rg, IS. Aa in Fig. 14 except mean* of four sots of da- 
representing thoe* of F$g. t4 pUia « second s*t 
Oatarminatton* with (ho same plum* mambrar 
prapwation and begun wiU% The pertodldty »n phase wnt 
in. ffrat sat of determinations. A. AesUts art given * 
mean* * standard deviation* among th* fc- 
determinations to shown th* reoroduetbilitY of the Pit**' 
of th* periodicity- 8. Th* Pat*-* 
Transforms of tha averaged data. T?* 
_ maavnum amplitude cemcided w*h 

I frequency of 0,042 ± 0.001 cyciseftvun gr 
period length of 23.3 i 0.3 mm. From Mor 
I and Morr* (in press)- 


TTM€. KON 


«-l sis 

FAEOU&ICY, cycles/ mi* 


Fig, 14, Two parallel determinations of the rata of MAOH oaddetion by soybean 
plasm* membranes wnh time over 120 min in the pr*sa««* of 1 jiM 2,4* 
demote phenoxyecctie add C2.4-01 (A and 8) as deecnbsd in Fig. 10 and the 
corresponding IWiar transforms 1C and OK The two determratione wars cwtiad out 
simtdtaneousfy using two side-byeide Wtecfd U3210 ipegtrgphutoneptsnL Anas of 
NA OH ondation were measured Over 1 min at intervals of 1 J$ min. Th* *wmn 
amplitude from the Fourier analyse coincided with a fraqumy of about 0.0*2 
cyde s /m l n and corre spo nded to s period length of 23.8 m A sine function wet 
fitted to the date (Ported curvel ac c ordin g to the equation given fei tfw last. 
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TIME (min} 


fig 16. Periodic enlargement of an epidermal cell of 
soybean u a function of nmc over 90 sun determined 
by video-enhanced microscopy. Length 

me is ore menu were taken at internals of l min. 
Single arrowj indicate maximum ceil lengths baaed 
on decomposition fits. Double arrows indicate 
ru turn*. These maxima and minima recurred every 
24 nun. From Morre ct al- (2001 a). 

T«ei« 3 araivits of NADH gxidafa pw»oOtcrtios 

of iOy„«an siitma comparing I 7*. 27* and 

37* C <n»3l. Th« p»f«*g wit d*(Km«n«<f fr<yn ih» 
<ffau«rcjas obaa/vto it rnuumum ampfrtud* (Moff* «oO 
Morra. T99$l. 


r«fT!p#fafu/# 

Frequency 

Itvclt* 

Ptno4 Iminl 

1 7* C 

0.04 1 r 0 002 

24.4 £ 14 

27* C 

0 0415 i 0.003 

24.1 £ 1.9 

37* c 

0 0*2 S 0.004 

23.8 £ 2.4 

M(*a 

0.C415 - 0-000$ 

24. t *0.3 


TjfeJa 4, P»sie4 length of eatf ttong^tton of 
joybaan c»Hs from gfctt«r«Atul 

imarfwaAc# ccvurut imagaa raewdad at 1 m** 


■Htifvali at g Figu#a 8. 


Tampa# atura 


Ptood (mini 


17* C 

24.4 t 1.3 

27* C 

24.1 x 1.9 

37* C 

23.1 t 2.4 

Mean 

24.1 t 0,3 
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TIME MIN 


Fig. 17. Elongation growth of 0.5 cm sections of dark- 
grown seedlings of soybean measured at 2 min 
intervals using a multichannel auxiaometer as 
described by Lttthen and BOttger (19$2X Etch result 
is for four 0.5 cm sections. Elongation rate fluctuated 
with a period length of 24 min (A). The sections 
were equilibrated for 1 30 min after which 1 pM 2,4- 
D was added. Steady state elongation rates between 
430 and 650 min are shown. (B) Time series 
(decomposition) analysis to verify the reproducibility 
of the pattern of oscillations also confirmed by 
Fourier analysis (from Mone et al., 2001b). 



TIME, MIN 


Fig. S3. Antibody inhibition of the activity of the 2.4-D- 
unresponsive NOX protein purified by concatuvalin A column 
chromatography from solubilised plum* membraoes oi 
etiolated bypocotyls of soybean. The periodic component (?•» 
min period length) is reduced by soybean CNOX-speeifie 
MaB PU-19 in the first cycle after MAB addition *o° 
completely eliminated in subsequent cycles. 
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Fig 19. a hr,v.;cr.il diagrin summarizing 
pfty»;ci.o|*-ca: r*.z mulr.iuncfional properties of the drig* ttd 
hormone -res penile piasrsa membrane NADH oxidase. The 
rghc hand s.'ds of -he diagram iilussates the tparul 
relation ships of 'jus mside N'AD(?>H:quinofle reductase. Ac 
membrane pod cf coer-syme Q (Q«) O^iumin K, in plants) 
and the externa! NaDH oxidase (NOX) protein across the 
plasma membrane. La this manner, the NOX protein could 
function is a term jal oxidase of plasma membrane elecmo 
ransport ccuihg elec Tons from cytosolic NADH either Co 
molecular oxyjsn tn a rwo elec Ton transfer or to reduce 
protein disulfides The left hand perion of the diagram 
summarizes the r*o reactions catalyzed by the protein 
disulfide-duoi interchange and Ci:ot~dLsulfld* oxido- 
reductase activities. The interchange activity which occurs 
in the absence of externa! reductan’4 is postulated to play a 
role in growth. Growth factors appear to serve as switches 
to emphasize this par; of the mechanism (Morre, 1991a). 


(NOX fCAomic DNA 


l! / 

// 




uium 


Fig. ll.Hxon*inoon organization of Ac gene coding for 
human tNOX. The solid line represents the genomic 
DNA and cDNA regions cloned while the dashed line 
represents unchancterizcd cDNA sequences. Closed 
boxes in the genomic DNA map represent the % 
identified protein-coding exons. Open boxes in the 
cDNA map represent the eight identified protein-coding 
exons and the hatched box in the cDNA map represents 
the protein-coding region 
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Fig. 20. The activity of the cloned and expressed protein 
from He La also is periodic. The periodic variation in the 
rate of oxidation of NADH as a function of time over 
100 min showing 5 maxima 0 mtn. 24 min, 4? min. 69 
min and 93 mtn). Within a time of 93 min. four maxima 
were observed with an avenge period length of about 23 
min per period. The activity was completely blocked by 
the (NOX inhibitor capsaicin at a concentration of ICO 
pM The paired sets of data were collected 
simultaneously using two Hitachi U3G74 
spectrophotometers. Oxidation of NADH at 340 tun was 
measured. A, The enzyme source was a crude 
preparation from bacteria expressing tNOX cDNA from 
a HcLa (human) library induced to express the protein by 
addition of IPTG. B. As in A but in the absence of 
inducer to serve as a control for machine and reagent 
variation. C As in A except the activities were 
measured simultaneously as a function of time using two 
different spectrophotometers each with identical amounts 
of the bacterialiy expressed (NOX prorein. The solid 
curve shows oxidation of NADH measured as in A. The 
dotted curve shows the cleavage of a dithiodipyridine 
(DTP) substrate which is a measure of the thiol -disulfide 
interchange activity. Both activities show a 23 min 
periodicity when rates were determined for 90 min 
except that the activity maxima were 1/2 period out of 
phase with each other. Both activities were inhibited by 
l pM capsaicin added at 96 min (Morrd. I99Ja). 
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Fig 23, Ai in Figure 2. A. NAOH option dnifflw^ by 
the oatraaso in A M (upper curve). Maxima fa/Towal war* 
At 10, 42 and fid mJn wfth secondary maxima it 24, 4fi 
and 72 min. Thro# minor paahi eompiatod each 24 min 
panod. 0. Oisulftdo-throl interchange activity measured 
simultaneously in parallel aa »n increase in A M from the 
cleavage of dithiedipyridine (OTOl. Major peaks «r« »t «. 3 
and 12 min and at 24 min intirvilj thereafter with m*no r 
peaks at 1 0 and 24 min and at 24 min intervals thtraeftar. 
Clearly, the two activities, NAOH oxidation (A) and OTO 
cleavage (Bi. a Hamate. 




x “0~ 


S-S ^ 

! N ^ 


2.2wHn#edfev*WT«*« 


<> 


2'PWHine**** 
fidMoi strong* ie jafl v 

Fig. 22. Oi(n<odi0vndma substrate generating 2 moles c 
340 fwk absorbing 2 cvrdinetfriorire and cleaved aa j 
meeiure of the disci fide- thiol interchange activity of ^ 
NOX protein 



fig. 24- incrcaaa w length {tnlargamanO of a single call of 
an apidarmaf stnp /emovad from the surface of a dart 
grown seedling of soybean aa dat intuited by anagt 
enhanced light microscopy. CtH enlargement procaada *m 
burata every 1 2 min as for animal calls In culture (Fig. fit 
separated by rest panods where the ce®s actually shrink. 
As with NOX activity, each 24 min parted is comprised, on 
awaga. of S rsiofvablt maxima saparatad by minima. 
Thraa maxima art contained within the elongation phase 
sed correspond to the protein disulfide-thiol interchange 
determined in partial ft.g., Pig. ISC), The two maxima 
contained within the rating period correlate with the two 
maxima of NAOH oxidation le ; g, Pg. ISAU 


i 

jy 




fig. 25. Fourier transform infra rad analysts of recombinant tNOX. S<xiY-one 1 min scans taken 1.5 mm 
apart ever 100 min art Must/ated, A, The ratio of the amid# I 114451 to amid* H (1545) absorbances varied 
with maxima at 24 min' intervals as kuficated by the arrows. 0. Wlthm the amide I region (belowi, peak 
absorbance varied between 1059 and 1fi30 indicative of alternating a-hellx-fi- sheet transitions. Concanavalm 
A. cytochrome c or albumin whan analyzed in parallel ihowtd no such pattern. 
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Fig. 26. (A) tad nco of pawl ^ 

farmd/ct'beiu (B) of soluble recombuuat iHOX 
prior to Aequiiitioc of protEmuc K-rauC u& 
Single «ni>wi denote <***»-^* in £**nnd rtrj c ttio 
tptetd tt tnterv&U of 23 min. The double peak at 
62 and 61 mm (to right of 3* arrow) is a r e camau 
feature possibly anoditod wii time keeping, Sea 
*UetFig2f24»d30ffiiflX 



pl 9 27. image- enhanc td electron microscopy of 

recombinant truncated tNOx Ct.SOxj negative^ auinad 
with 1% uf*nyt ac«:a:e. Image arrangement w «* achieved 
by superposition -• 4 .mages signed to a common 
morphological tea:_r* tne central charnel fined with 
electron dense u'a^i acetate in a end m# stained-ttled 
discontinuity in ire c 'cu<ar p'oftie o? B The image in A ia 
interpreted as a tsc vew of me functional tiNOX dimer 
lying flat. The 'mage >n B is interpreted ai a view from the 
top Of a ttNQX monomer stjrg.rg upright. Scai# bar - 
0.01 pm. 



2.0 nm 


fi 5' M Negatively seamed images of 

recomfctnant ttNOX in closed fright) and 
open configurations. A. Tht two 

dominant v?ew* are seen in the top panel 
consisting of an apparent hollow cylinder 
seen m lyrng flat tdoublt arrowheads) or 
from the teg isingie arrowheads), b and d. 
closed configuration, c and e. Open 
Configuration. 



time, min 

Fig. 20 , Otameters of single recombinant ttNOX 
particles measured from preparations stained and 
photographed at two min intervals. Diameters 
varied from <2 lb. and d. of Fig. 201 to 2,0 (e. and 
•* of Fig, 201 nm 
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: 7777A7 A777:iAGCAC7ACACAA7Xl*AACA7A 7777 ACATGGC 757 GGCTCTACTAAATAoGCTATTCAGCCGATAACAGTAGAACTCTG 

X Q 3 3 L » *l.»vtYEIGrAA 7X5X71. 

3 - pUCST'C^TTtCA^ T5CAATiAi.Aik.TACC?A rVC"^?ICAACTSCATCC5CCACAvCA^T3AATAA?C? , rC}CAA?CCCACII3CtCCCA 
!i N 7 3 7 A^M 7 - ? X i 2?7 A*ATAM!IxlG*A?1S 

Li: A 77 72 272A2AA :2AA?77?AC2 7SAC7777A ? 22 7X?7TT7CJU7:»77AC7XAA:^C2A72AArAA7722AA72A:YXC77CTr73 

5< : a z 2 ? : if z t z ?a i zxnrz: ? ? zr?xn?ai 

2~Z 32AA7AZ7A727:iAC-AA77C77CCA£A7ATXCA;J7A37AAAAZA3A72A7A2A777TAAAA2CT2CA<22C7C77CCZTCCAAA7CCA 

); : : /???:* ?bm? v vxs::HC**t?s.rf>** 

3i2 AA77trrZA2rrC2T^AACrC^^AAA3A2rA2CA^rC«AAAACACrArr:3r«rrOGTrr3CC?5AAAAtS<WACASAGCAAA?C 

: : 3 n ; ? ? ? a r a : * ? ?52x?v?v33k? s n s ? e a : 

4 12 A7737ZCAA Z77T77ZAXAZTZ7ZCAClA7A77A77XCA?77GCAA71\XAAZAA4IAACr?T27 , 7CZA2A7TC2C777GC7'GA72AGTAC 

iu : v t lAixxsxxxrcxrxrAEEY 
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22% ? X 2**222 : 2 * ZZVZXX 2 AZZlZ HtZZSZZ 

*:; 3AAA3A77X57:2A22AT2722A2E222A37327r:A27A777A,3A:7A77AA7SCAXA:7G77Scr:;AAAAA7TAAAA<iAr3A7727 
234 1 ? 1_ 3 7 ? 3 ? ? ? V V > j- S 7 >1 Z 2 3 : V A T£ X 2 X 3 3 5 

3 » 2 A,-v> 773 7 7 A 3 AA jC 7 37 A ZAZA :>77 vO 77 A . . 7 ZrZZ . ^A#C0AouA<iA^v7CAACw7 - j7A'-»< — *» — AA7 AACT777 A2722 A7 2A72 
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3:: 3a37333C3AA3A3C3A7377237303773o73AA73A3AAA^:73C33A73A3AAA£A7A73GAA3AASCAAA3CA3AA0773AA0CA3 

2 >4 3 3 A N J X V X 3 3 7 ;; r X A A K 2 X 3 H E £ A X £ X F X ^ 

5 32 3C33777 373*3AA77773A773 AA7 1 1 GAZCAZA7 AZ72vCTo7 j7A27AT72ZZC:TCCAAZCA7AAZGCA77G'vAC 7AC77CACAAAA 
374 A 1 3 3 : 3 : C ? * 2 : V A V Y n $ A ▼! X 3 X A X J S 7 7 X 

: : 3 : ZCZrAZCZZ;AAZAA2A77AXZ7Z7:X?XAAA;;^X7ZACCAAA777XAACA?7::A7AA?::A77AA :7AA7CC0AA7CAGG33AGAA 

3 54 A : * X S : 3 V * 3 X ; A Z z : ? >' : A N 3 I - H Z Z 3 3 Z 

13*2 3AA3A,rA7/vAAATrfTC73A?3A7vViATi3rtAgAA47jA^3rtAA3WA3AAA373A3vrArCAJC777A37A7CACA3vCAjAA3C? 

334 Z Z M 2 M 2 2 3 Z Z Z - Jl. J*. . 7X27££SA-V3GACA 

1 2 i Z ZT3AA3CAA3AA.'Ar/ACA3CC7*C37735JA3^7:ii70C3TAC235A^73A^3T^3AACT3C7CAA3CAAuAACAAj0CWA57CCAC 
414 1 X Z EX 23 1 3 * 2 1 2 A Y 3 X E V Z - 1 X 3 Z Z 3 X V 3 

1312 A3A3AA:*A7'3A3377AA7AAA3AA3A3CA7373A.^a:73373CAA3AA^CC773CAA^AA73CAA3A3CA7C7A27CAAAJ7C3AA3AG 

444?. E 2 2 7 N X E 22 2 X 1 1 2 2 A 2. Q 3 X 2 Z H 2-XVQJ 

: 442 2AA7A3AAAAA3AAA3AA3C75A-A77raAAAAAZ73AAA3A70A2AA277A2A337t^AAAAAA72772CAAAA7C77AAACAAAA22AA 

4 * 4 I Y X X X £ A E 2 EX 1 J 2 2 X 1 2 7 Z X M 1 l X 1 X E X t 

1333 A^77272CT7C7A2CCTG7272CC77AAA2 ZA33A7.V2C3AA7A3CC77773A0AA3AC7A73AACA3CA07CC7A7CAAA72T^AA2^7 

534 5CAi?12A5N22S£ Y?lSX7J4X$57:XStR 
1522 3AA3CA272C7A272WA77A7r72CACA77C3777A737T2A2CCA77T2CA2CAAOZA772AA7AZA7C7C77CC7A2r7SCACC27 
534 2 A 1 1 V G t I 5 7 T 1 M * 7 * H * ? F 2 A 5 I X 7 I C S 7 L St* X 

1 ■» 1 2 3772A7AA7AA2A 7C72CAC2A2C2A7C722A57;777CA72v>G7AGAC7CCAGCA7ACC7-7CAA22 AGCAAA7GAC72CACTTGCAGCC 

534 2 2 S K 7 C 7 5 2 V £ 7 i M 2 3 5, C H 7 ? X 2 £ H .*..5- JC-Jl.A- 

1332 A3C2732AAAA2A2A7«AAA77772724X7722A2C^7773AA2C7GAC2TAAA727C7772CC7AA2AACTT^A^C7£XA^7AA 
554 S 1 tXR^xrtCFE21XL7 Stop 
1352 A7A7G72772<;ACAA2CA7A2AAA372A777A7A77777AAr2CrTT7CAAi3TGCAA277CCT77ClAA7rr^7CAC77CA77CCTGCAAA 
2332 A7277772A277AAAA7AAGGA7CC7AGGACA2CACC7CC1AAC7ACAG<2CCCTAAAGA2AAATT3CCTCAAACCACAA0T’2CTCTAACTT 
2232 CC7C2227T7CT<;7CAArf SCTTCTCTrr AAATArTSCAAAAGrCCrCArGCTAAACACTATTTCqACTCrrTTCAOTCTCTCTACTACT 
2 1 *2 0T7G7A2A2CT7^TA7 : 77T77AAACAC7G77AA7T2AAA72777T<lA7aA7777A7C7ClArr7G72777CtAAAC7TCr:7rrAiCArT 
2252 AA7277277AC7007t3AAA2GCA7CA2M3CA2CA27AA37CC7CT37GTAACTGCCA777727TT2CAA7CCCCAC7Aaw:CACTAM7A 

2 3 4 2 AA7AA7 A2A7CAJ7CTC7TC7AaAA2C7GCC72A22AOC77CACC7rrTAAAC<3ACAAAC3CA7^7r?S7S<3CTr7rMCAAAArrACTA 
24 32 72AA2ZAAAAG772ACAAA7277CCAAAC7t A7-777CTC7AA2A7A7CACA7TAAACA7C-73777CACAArr«TAAAAAaTACA7CTACA 

2522 7ST j7“ACAGAAA£CAA»3TA7CCAGTAT3AE?5CCA757£7TCA70C7AT7CACAA7CAC77GTAAATA0TC7GC7T77AAA3GAGGCC 

2 612 A7^772A2T7r737G7aAA77AAAA7A7GC72A7G7TrOCCCAEACACGCA2AAACA2ACACAC^AC3CACACAC75CCACAA«CA7T 
2 T 3 2 7A7A77AA7A773777CC3C7C73CCCT7C77A2A37C7377^37C7C777^:77C7C7T^7CAa75TGT7CUA77GCAAACCGA^7AC7 
2^32 3C7G7AAA7AC7A7S777AC77CA7SCTCAA7GT770CAAACACT7GATA7AAC7A7TAA7AC»7AA7t3AA7CAA7GAA7AAA7AA7tiACC 

2 332 7 AGC4377TS7CA3CC7T7CTACAAA7 AGC7CAGC7CCACCTG«A0T3CaAA77GCCAGAGAEACCT7<5GTAC:SCCCA7t:CWCAAA7CSC 
23' 2 AA73C^AECA737^AC75CAC7A77CACAAA7 7777X77307 G^JUU!3TAAAi:ACACAOCA7CCACC77TCCGGCCAA7CT7CTCACC<7 
3332 AGAGA7 S0TC777A77a7S7070G7^crr007T072C7A777A7 AA7AA7GCAACCA7ACCCTCCC77GAC7CTCAArri5AACAt AAAACA 
1152 A7G7AC7 GAOCXACCAAACCCAA7CCAGAG7 A7777ACAAAAA7ACTrrG7AAA7GAGA7GCCAC7 A^CTrrCAAAC7T07ATtT7tAAA 
3242 A^A7AAA7A777377777A7ACC7CAGT7773737377C7T7TT7AA7CAC77ACCC7CTAA07AA7CCA7rACTAG77A7CrCAC7CCC 

3 3 32 7373777 77 AC7ACAA7G7700AAAAACA7X7AA07C707rrTaACAAC7XAAACA^GG77CCACACCAXCCAr7C07GCTCAA 

34 2 2 AA7737C7733:333T7AAOCACCC77C777O7CA77A0CACGAACCTCA7G7TAAT7rrACACTACC77GCT3AC70A7CCA7C7CTCA 
3512 77AAT7C7AC0GAAG0C77TGA77CA7CAG7C7C7CCC7CT70CAA7ACC7AA7777AA7AA7A7C7A7^AAA7 CAAGs3GAAAC777CCA 

35 2 2 rr7ACA^77A777C7TC77TAAA7AAAC7AAA77AA7TrrrAOCOGA2AGCAGTAGCAAAAAGAOC7AA77CA7CX:CC<3C7TTAA7ACCT 
3632 ACC7GA77CCT77A3C7GCA3CAAAA:3AC3A7GCCACAC377CA3CTA7C7AACAAJW:CTCCACA7C3TCCACATC7ACCCCCCAAC77 
3*32 A277AAAA 


Fig. 30, Nucleotide and deduced amino acid sequences of the tNO\ fONA. The first potential translation 
initiation site is indicated at nucleotides 23-25 tATCt v^ich termination at 1855-135? <TAA). Putative signal 
peptides are underlined and the signal peptide clea* age sites are indicated by arrows. The putative quinonc- 
btndinj sequence. EJ94EMTE. is denoted bv a long dash-dot dot line- The H5-I6VH and down stream H3b2 
copper sites are shown by asterisks. The adenine nuckolide (NADH) binding sequence. T589(^ASL. is 
underlined by dashes. The sequence data is available from CenBank under Accession No. AF207881. 


20 


GAM*. ACTIVITY. MK.WuteiMin« OAJ-OM AC fIVir t. nm*..****,,, *.«Mn 



COS erito Uma foclul wkh th* CIS! ivpImiMftt gMng » tNOX 
•cthrity wttft a <2-m*r\ period compand to wOd typ« 


Whan th* OAPOH kSvMm o* wtJd typ* COS calk Art 
subtracted from tfroca cany log ttw CttIA muter* *fch a 42 
mtn period, the dHI t noce ihowt a elicadM period Wogtfi of 
42 h (NOX period X SO) 


Fig. 31. Preliminary studies with tNOX cysteine to alanine replacements show that NOX period length 
determines the length of the circadian period. Glyceraldehyde-3-phosphaic dehydrogenase, a cellular 
house keeping protein whose activity oscillates with a 24 h circadian period, was used to monitor cellular 
clock function. A. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activity in wild type COS 
cells exhibits a precise circadian period length of 24 h. A minor period length of 22 h corresponds to that 
for endogenous tNOX (COS cells are SV-40 transformed) (double arrows). B. GAPDH acti vines of 
COS cells transfected with ttNOX cDNA overex pressing the 34 kD tNOX protein with a 22 min period 
length. The transfected cells express both 24 h (single arrows) and 22 h (double arrows) circadian 
penods. C. GAPDH activities of COS cells transfected with mutant ttNOX cDNA overexpressing the 
C558A mutant tNOX protein with a period length of 42 min. The transfected cells express both 24 
(single arrows) and 42 h (double arrows) circadian periods. D. GAPDH specific activities of wild type 
subtracted from those expressing the C558A mutant tNOX with a 42 min period length. The difference 
shows a circadian period length of 42 h. 

These experiments have been repeated subsequently with one of the tNOX cysteine to alamne 
replacements exhibiting a 36 mm period length (C575Ah These transfectams now exhibit GAPDH 
activity with a period length of 36 h m addition to the wild type period length of 24 h. 
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Increase in Amide I/Amide II 
at Initial Baseline 



Imposed G 

Figure 32. Retention of a conformational change by recombinant tNOX in response to 
increasing imposed centrifugal force (Imposed G) over 5 minutes as measured using a 
centrifuge-mounted Avatar. The values reported are the increase in Amide 1 /Amide II 
ratio determined at 1650 cm 1 , respectively, after return to unit gravity following a 5 min 
centrifugation to generate the imposed G forces indicated. 
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